Overexpression of the prosurvival protein BCL-2 is common in breast cancer. Here we have explored its role as a potential therapeutic target in this disease. BCL-2, its anti-apoptotic relatives MCL-1 and BCL-XL, and the proapoptotic BH3-only ligand BIM were found to be coexpressed at relatively high levels in a substantial proportion of heterogeneous breast tumors, including clinically aggressive basal-like cancers. To determine whether the BH3 mimetic ABT-737 that neutralizes BCL-2, BCL-XL, and BCL-W had potential efficacy in targeting BCL-2-expressing basal-like triplenegative tumors, we generated a panel of primary breast tumor xenografts in immunocompromised mice and treated recipients with either ABT-737, docetaxel, or a combination. Tumor response and overall survival were significantly improved by combination therapy, but only for tumor xenografts that expressed elevated levels of BCL-2. Treatment with ABT-737 alone was ineffective, suggesting that ABT-737 sensitizes the tumor cells to docetaxel. Combination therapy was accompanied by a marked increase in apoptosis and dissociation of BIM from BCL-2. Notably, BH3 mimetics also appeared effective in BCL-2-expressing xenograft lines that harbored p53 mutations. Our findings provide in vivo evidence that BH3 mimetics can be used to sensitize primary breast tumors to chemotherapy and further suggest that elevated BCL-2 expression constitutes a predictive response marker in breast cancer.
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ABT-263 | navitoclax | programmed cell death | mammary | small molecule inhibitor B asal-like tumors account for ∼20% of breast cancers and usually exhibit a triple-negative phenotype, as they lack clinically significant expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)/ErbB2, and express basal markers such as cytokeratin 5/6 and epidermal growth factor receptor (EGFR) (1, 2) . The absence of ER, PR, and HER2 expression precludes endocrine or anti-HER2 therapy. Although a number of cytotoxic drugs (including the taxanes) are efficacious, prognosis remains significantly worse for basal-like triple-negative cancers than for other tumor subtypes (3, 4) , highlighting the need for new therapeutic strategies.
Impairment of apoptosis is a hallmark of cancer and can result in resistance to chemotherapy (5) . Tumor resistance to apoptosis is frequently acquired through deregulated expression of BCL-2 family members or mutations in the p53 tumor suppressor pathway that ablate the ability of this transcription factor to induce BH3-only proteins (such as PUMA and NOXA), which are critical for the initiation of apoptosis. There are three main classes of BCL-2 family regulators: the prosurvival BCL-2-like proteins; the proapoptotic BH3-only ligands, including BIM that interacts with all prosurvival proteins; and the proapoptotic multi-BH domain effector proteins, which activate caspases and lead to cell demolition (5) .
BCL-2 has emerged as an important clinical prognostic marker in breast cancer (6, 7). BCL-2 gene expression is a component of a 21-gene expression assay (Oncotype DX) that is increasingly being used to predict recurrence of hormone receptor-positive, node-negative breast cancers (8) . Although BCL-2 is commonly associated with ER-positive breast tumors (9) , it can also be expressed in ER-negative tumors. The frequency of BCL-2 expression in basal-like tumors has not been well-defined. Although BCL-2 is a favorable prognostic marker, it is noteworthy that a significant number of patients with BCL-2-positive disease relapse and die (7) . A potential role for BCL-2 as a therapeutic target in breast cancer has not been explored.
The pivotal role of the BCL-2 family as arbiters of the intrinsic apoptotic pathway has stimulated considerable interest in developing anti-cancer agents that specifically act to induce apoptotic cell death. ABT-737, a small molecule that mimics the action of the proapoptotic BH3-only proteins, has been shown to bind and neutralize the prosurvival proteins BCL-2, BCL-XL and BCL-W but not MCL-1 or A1 (10) . ABT-737 has demonstrated killing potency in combination settings in cell line-based models (11) (12) (13) (14) (15) (16) (17) . Furthermore, the potency of ABT-737 with diverse chemotherapeutic agents has been shown in the case of primary leukemia cells and in small-cell lung cancer (SCLC) primary xenografts (18) (19) (20) (21) (22) .
Here we report elevated expression of BCL-2 among the various subtypes of breast cancer, including basal-like tumors, and investigate the clinical relevance of targeting BCL-2 through the generation of a panel of primary breast tumor xenografts. Primary tumor xenografts can recapitulate the phenotype, biological properties, and drug sensitivity of the original primary tumor, thereby serving as powerful models for preclinical studies (23) . These primary tumor xenografts offer many advantages over cell line-based xenografts, which do not consistently predict the clinical potential of drug treatments. Our studies reveal that ABT-737 potentiates the effects of docetaxel chemotherapy in basal-like breast cancers with elevated BCL-2 levels, suggesting that BH3 mimetics in combination therapy have considerable potential for the treatment of this aggressive cancer subtype and other BCL-2-expressing tumors. (23) . The majority of these were derived from tumors designated as "triple negative." A schematic diagram of the strategy used to generate primary tumor xenografts is shown in Fig. 1A . In most cases, the xenografted tumors were passaged for two or three rounds.
Results
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Five breast-tumor xenograft lines (838T, 24T, 315T, 13T, and 806T) were selected for further analysis. Immunohistochemical analysis of the original patient tumors (Table S1 and Fig. S1 ) revealed that 315T contained foci of intense ER and PR staining (10% of cells), although 838T, 24T, 315T, and 13T had been reported as triple negative. The primary tumor 806T was HER2-positive, as determined by immunohistochemistry and the presence of HER amplification (11-fold) detected by chromogenic in situ hybridization (CISH), but lacked ER and PR expression.
Weak granular staining for HER2 was also evident in a small percentage of cells within the 13T and 24T tumors, although HER2 was not amplified. Notably, all five primary tumors expressed CK5/6, and all except 315T were strongly positive for EGFR. Furthermore, gene expression profiling of primary tumor xenograft mRNA confirmed the basal-like nature of 838T, 24T, 806T, and 13T and revealed that 315T had a luminal B-like molecular signature (Fig. S2) .
Tumor morphology and marker expression were largely maintained in the xenograft models although some differences were apparent ( Fig. 1B and Fig. S1 ). The cellular profile of each xenograft was similar to that of the corresponding primary patient sample, as determined by flow cytometric analysis using antibodies directed against CD49f (α6-integrin) and EpCAM (CD326/epithelial specific antigen) (27) (Figs. S1 and S3). Weak nuclear ER staining, however, was detected in four of the xenografted tumors, with highest levels evident in the 315T xenograft line. These findings may reflect the use of estradiol pellets in the host mice, perhaps leading to the selection of ER-positive tumor cells or slight activation of ER itself. Substantially lower levels of HER2 were observed in the 806T primary tumor xenograft compared with the original tumor. Moreover, CISH for HER2 gene amplification did not reveal any amplification, indicating that selection had occurred against HER2-amplified cells during xeno-transplantation.
Variable BCL-2 and p53 Expression in Breast Tumor Xenografts. We next investigated the expression profile of BCL-2 family members and p53 among the different breast cancer xenografts by Western blot analysis ( Fig. 2A) . BCL-2, BIM EL BIM L , and BIM S were found to be differentially expressed, with barely detectable BCL-2 in the 806T tumor xenografts. NOXA and PUMA, the two BH3-only proteins that are transcriptionally up-regulated by p53, were also variably expressed. MCL-1, BCL-XL, and the apoptotic effectors BAX and BAK were present in all of the tumor xenografts. Consistent with the Western blot data and their quantification, immunostaining of the parental primary tumors revealed strong BCL-2 expression in the 838T and 24T tumors, focal staining in 13T and 315T tumors, and undetectable expression in the 806T tumor xenografts (Fig. 2B ).
High levels of the tumor suppressor p53 were detected in the 838T tumor xenograft by Western blot analysis and moderate levels in the 24T and 315T xenograft lines ( Fig. 2A) . Sequencing of tumor genomic DNA revealed pathogenic mutations in the p53 gene in tumors 838T (c.581T > G, 194Leu > Arg, exon 6) and 24T (c.404T > G, 135Cys > Phe, exon 5), with loss of heterozygosity for both mutations. The p53 pathway is therefore disabled in the 838T and 24T basal-like tumor xenograft models.
Combination Therapy Induces Stable Regression of Breast Cancer.
Because three of the five xenografts displayed high levels of BCL-2, we examined whether the BH3 mimetic ABT-737, either alone or in combination with docetaxel, was efficacious in killing BCL-2-positive breast tumors. A dose titration was first performed on mice bearing 838T and 13T tumors using 50 or 75 mg/kg ABT-737 with 0, 5, 10, or 20 mg/kg docetaxel to establish dose-limiting toxicity. This was determined by >10% weight loss following therapy and the extent of ABT-737-induced thrombocytopenia (28) . On the basis of these studies, ABT-737 at 50 mg/kg and docetaxel at 10 mg/ kg were selected as suitable doses for tumor response studies. This dosage induced tolerable levels of thrombocytopenia (Table S2 and Fig. S4) . Notably, docetaxel alone was efficacious in producing a tumor response in the 838T tumor xenografts (median survival was 76 versus 10 d for control vehicle-treated animals; P < 0.0001) but had little effect in other models (Fig. 3) .
ABT-737 administered in combination with docetaxel resulted in significantly improved animal survival in four of the five tumor xenograft models compared with treatment with docetaxel alone. For the models in which little effect was observed with a single cycle of chemotherapy, no further cycles were administered. The most profound response was observed in mice bearing the basallike tumor xenografts 838T and 24T, in which tumor growth was dramatically inhibited by the combination treatment (Fig. 3A) and animal survival was prolonged (Fig. 3B) . A partial response was evident in mice bearing the basal-like xenograft 13T and the luminal 315T tumor xenograft. Combination therapy had little effect on the 806T tumor xenograft, which expresses virtually undetectable levels of BCL-2 ( Figs. 2 and 3) . BIM was expressed in all tumor xenografts with high levels present in the most responsive models. ABT-737 as a single agent was ineffective in all five xenograft models. Thus, the combination of ABT-737 with docetaxel proved to be efficacious in eliciting a tumor response and prolonging animal survival in the case of BCL-2-expressing breast cancers.
Given that BCL-2 has been reported to be an estrogenresponsive gene, tumor response was further evaluated in the 838T and 24T xenografts passaged in the presence or absence of estrogen pellets. As noted above, the presence of an estrogen pellet appeared to induce a low level of ER expression in 838T and 24T xenografted tumors. However, BCL-2 levels did not change according to Western blot analysis (Fig. S5) , and no significant difference in the rate of tumor growth was observed over several weeks, irrespective of whether an estrogen pellet was present.
To investigate the durability of the therapeutic response, the 838T tumor xenograft model was evaluated for the acquisition of resistance over six cycles. Estrogen pellets were not implanted into mice for these extended experiments as mice succumbed to renal damage, bladder stone formation, and uterine enlargement with chronic estrogen exposure, as reported previously (29) . Treatment of mice bearing 838T xenografts with docetaxel alone showed early recurrence, whereas tumors subjected to combination therapy remained undetectable until ∼75 d, at which time 8 of 10 tumors resumed growth. Five tumors were re-treated for a further three cycles, and regression was again evident in four cases (Fig. S6A) . Tumor regression was also evident in mice bearing 24T tumor xenografts over two cycles of combination therapy until the end point at 70 d (Fig. 3) .
Increased Apoptosis Accompanies the Response to Combination
Therapy. To investigate the extent and kinetics of apoptosis during therapy, mice bearing 838T xenografts were treated with ABT-737, docetaxel, or both drugs, and tumors were analyzed at 24 h, 48 h, and 8 d posttreatment (Fig. S6B) . Immunohistochemistry revealed increased numbers of cleaved (i.e., activated) caspase-3 apoptotic foci in tumors treated with docetaxel alone or combined therapy compared with administration of ABT-737 alone or vehicle at 24 and 48 h postinjection [P < 0.001 (n = 3) and P < 0.05 (n = 2), respectively]. Following combination therapy for 8 d, few apoptotic foci were visible, consistent with tumor regression. Similar results were observed upon treatment of mice bearing 24T tumor xenografts with combination therapy (Fig. 4) . Docetaxel treatment of 838T and 24T tumor xenografts exerted intermediate effects compared with combination therapy (P = 0.22 and P < 0.01, respectively). No difference in the numbers of apoptotic cells was apparent for the 315T or 806T tumor xenograft A B models in response to combination therapy relative to vehicle (P = 0.21 and P = 0.97, respectively). Thus, the extent of apoptosis correlated with response efficacy as measured by tumor growth rate and animal survival (Figs. 3 and 4) . Western blot analysis of BCL-2, MCL-1, BCL-XL, BIM, PUMA, NOXA, BAK, and BAX expression in the tumor xenograft models did not reveal any significant differences following the various treatments (Fig. 4C) . However, coimmunoprecipitation coupled with Western blot analysis revealed a rapid reduction in the amount of BIM bound to BCL-2 following exposure to docetaxel, ABT-737, or combination therapy in the most responsive tumor xenograft line 838T (Fig. 4D) . A decrease in BCL-2-associated BIM was also observed in 24T tumor xenografts following treatment with ABT-737 or combination therapy, indicating that perturbation of BIM protein complexes in these breast tumors may contribute to activation of the intrinsic apoptotic cascade. Moreover, treatment of the breast cancer cell line MDA-MB-231, which responded synergistically to combination therapy, clearly implicated changes in the BCL-2/BIM complex as a key molecular mechanism underlying the response, whereas no change was observed in BCL-XL/BIM complexes (Fig. 4E) . Knockdown of either BCL-2 or BIM in MDA-MB-231 cells by siRNAs confirmed the importance of these proteins in mediating responsiveness to combination therapy (Fig. S7) .
Discussion
Here we have established primary breast tumor xenograft models, including basal-like cancers, that recapitulate the original patient tumors. Expression analysis revealed that BCL-2 protein expression was highly variable among this panel of breast tumor xenografts, thus providing a platform to test the efficacy of the BH3 mimetic ABT-737 in BCL-2-expressing breast cancers. We demonstrate here that tumors expressing high BCL-2 respond effectively to ABT-737 in combination with docetaxel chemotherapy, whereas the tumor xenograft model expressing very low BCL-2 levels showed no response. BIM also appeared to be more abundant in the responsive tumor xenografts. Conversely, BCL-XL, another reported target of ABT-737, was expressed in both responsive and nonresponsive tumors. Notably, significant inhibition of tumor growth was evident in three basal-like tumor xenograft lines. Of these, a profound response was observed in two tumor xenograft lines (838T and 24T) and partial responses in two further tumor xenograft lines derived from basal-like and luminal cancers. Although ABT-737 has demonstrated singleagent efficacy in some cancers (predominantly cell lines), including follicular lymphoma and chronic lymphocytic leukemia (CLL) (10, (30) (31) (32) , ABT-737 was not effective as a single agent for any of the primary breast tumor xenograft models tested.
The mechanism by which ABT-737 synergizes with docetaxel to cause tumor regression is yet to be established but is likely to involve destabilization of interactions between BIM, BCL-2 and MCL-1. Combined treatment with docetaxel and ABT-737, which competitively binds the hydrophobic groove of BCL-2, BCL-XL, and BCL-W (but not MCL-1 or A1), led to release of BIM from BCL-2. These findings are consistent with the recent observation that paclitaxel-induced killing of breast cancer cells in vitro is associated with competitive displacement of BIM from anti-apoptotic proteins by BH3-only proteins or ABT-737 (33) . In lymphoma cell lines, ABT-737 responsiveness and BCL-2 dependence correlated with high levels of BIM sequestered by BCL-2 (34), and in CLL cells from patients, BCL-2 complexed to BIM proved to be the pivotal target for ABT-737 (31). Fur-A B thermore, only cells dependent on BH3-activator proteins bound to BCL-2 but not MCL-1 were found to be sensitive to ABT-737-induced killing. Thus, in primary breast cancers that express elevated BCL-2 levels, chemo-sensitization by ABT-737 may require BIM occupation of BCL-2 to prime cancer cells for death. Interestingly, acquired resistance in SCLC xenografts was linked to decreased expression of BCL-2, BAX, and BIM, and a perturbation of BCL-2-BIM complexes (18) . Although MCL-1 expression in the breast cancer xenograft models did not correlate with responsiveness, a role for MCL-1 cannot be excluded. The p53 status of basal-like breast cancers may also impact on sensitivity to a BH3 mimetic and chemotherapy, as the most responsive of the human breast tumor xenograft lines harbored p53 mutations. Indeed, p53 mutations in breast tumors have been linked with responsiveness to paclitaxel (35) , although an in silico analysis comparing changes in gene expression with clinical drug response did not find an association between p53 status and chemoresponsiveness (36) . Notably, it has been speculated that ABT-737 is more effective in tumors harboring p53 mutations, because ABT-737 acts downstream of p53 where an intact apoptotic cascade is present (37) . A key point to emerge from this study is that combination therapy using BH3 mimetics can be very effective in tumors harboring p53 mutations.
Our data reveal that BCL-2 expression in breast cancer may serve as a predictive biomarker for responsiveness to ABT-737 combined with docetaxel chemotherapy. Interestingly, BCL-2 was found to be highly expressed in ∼20% of basal-like primary breast cancers and was often associated with abundant BIM. Expression of these proteins may identify a subset of breast cancer patients who are likely to benefit most from treatment with the orally bioavailable BH3 mimetic ABT-263 (Navitoclax). BCL-XL and MCL-1 levels may also contribute to modulating the response to ABT-737, as exemplified by their roles in other tumor types. Similar to ABT-737, ABT-263 can induce complete tumor regression in certain xenograft models, either as a single agent or combined with clinically relevant drugs (38) , and is currently undergoing several phase I/II clinical trials.
In summary, we have developed preclinical models of primary breast cancer, including basal-like and luminal tumor xenografts, and provide in vivo evidence that ABT-737 can be used to sensitize primary breast tumors to taxane therapy. Combination therapy resulted in more durable responses and improved overall survival. Our results provide a rationale for the development of clinical protocols evaluating ABT-263 as an adjunct to conventional chemotherapy in BCL-2-expressing basal-like and luminal breast cancers. minced and digested in 150 U/mL collagenase (Sigma) and 50 U/mL hyaluronidase (Sigma) for 1-1.5 h at 37°C. The resulting organoid suspension was sequentially digested with 0.25% trypsin 1 mM EGTA and 5 mg/mL dispase (Roche Diagnostics) for 1 min at 37°C. A single-cell suspension was obtained by filtration (40 μm), and, where required, red blood cells were removed by lysis. Cell sorting is described in SI Materials and Methods.
Materials and Methods
Immunohistochemistry. Human breast cancer xenografts were collected and fixed in 4% paraformaldehyde before embedding in paraffin. Sections were subjected to antigen retrieval and then incubated with antibodies against ER (Novocastra), PR (Novocastra), HER2 (Dako), cytokeratin 5/6 (Dako), EGFR (EGFR.25, Novocastra), BCL-2 (BCL-2-100; Alexis/Enzo), BIM (3C5; Alexis/Enzo), MCL-1 (Alexis/Enzo), or BCL-XL (54H6; Cell Signaling) for 30 min at room temperature, followed by biotinylated anti-IgG secondary antibodies (Vector Labs). Signal detection was performed using ABC Elite (Vector Labs) for 20 min and 3,3′-diaminobenzidine (Dako) for 5 min at room temperature.
Tumor Monitoring and Chemotherapy Administration. Cohorts of 24-32 female mice were seeded with single-cell suspensions of human breast tumors. Treatment was initiated when the tumor volume reached 100-150 mm 3 . For survival studies, mice were randomized into four groups: vehicle for both docetaxel and ABT-737, docetaxel (10 mg/kg) plus vehicle for ABT-737, ABT-737 (50 mg/kg) plus vehicle for docetaxel, and ABT-737 (50 mg/kg) plus docetaxel (10 mg/kg). ABT-737 (or vehicle) was injected i.p. daily for 10 d, and a single dose of docetaxel was injected i.p. 4 h after the initial injection of ABT-737. A cycle of treatment refers to 21 d after the initiation of treatment. For short-term experiments, mice were collected at 24 h after injection of docetaxel. Eye bleeds were performed at 2, 8, or 11 d after initiation of treatment, and whole-blood count analysis was performed using an ADVIA 120 hematological analyzer (Bayer). Tumors were collected at the ethical end-point volume of 500 mm 3 .
Western Blot Analysis. Tumors were homogenized in lysis buffer (20 mM Tris·HCL, 135 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, and 10% glycerol). Western blot analysis was performed using 30 μg protein lysate per lane; membranes were probed with antibodies (listed in SI Materials and Methods), and detection was performed using HRP-conjugated anti-IgG secondary antibodies and ECL (GE Healthcare Life Sciences). Densitometry was performed using the mean gray value of inverted scanned images of Western blots in triplicate.
